Quantitative relationships between processing, microstructure, and properties in textured ferroelectric polycrystals and the underlying responsible mechanisms are investigated by phase field modeling and computer simulation. This study focuses on three important aspects of textured ferroelectric ceramics: (i) grain microstructure evolution during templated grain growth processing, (ii) crystallographic texture development as a function of volume fraction and seed size of the templates, and (iii) dielectric and piezoelectric properties of the obtained template-matrix composites of textured polycrystals. Findings on the first two aspects are presented here, while an accompanying paper of this work reports findings on the third aspect. In this paper, grain microstructure evolution in the polycrystalline matrix with different template volume fractions and seed sizes is simulated. To quantitatively characterize the crystallographic texture development during templated grain growth processing, a numerical algorithm is developed to compute the diffraction peak intensities and Lotgering factor of the simulated polycrystals during grain microstructure evolution. This novel approach provides a direct link between phase field simulation and diffraction experiment. This computational study clarifies the effects of the template volume fraction and template seed size on the final grain microstructure and texture. It is found that, while the degree of crystallographic texture generally increases with increasing template volume fraction, it is the average distance between template seeds that plays an important role. This finding suggests that reducing the template seed size and shortening the seed distance is an effective way to achieve higher texture at a lower template volume fraction, which is highly desired for enhancing the piezoelectric properties of ferroelectric polycrystals. The computational results are compared with complementary experiments, where good agreement is obtained. Published by AIP Publishing.
(Received 18 October 2016; accepted 29 January 2017; published online 14 February 2017) Quantitative relationships between processing, microstructure, and properties in textured ferroelectric polycrystals and the underlying responsible mechanisms are investigated by phase field modeling and computer simulation. This study focuses on three important aspects of textured ferroelectric ceramics: (i) grain microstructure evolution during templated grain growth processing, (ii) crystallographic texture development as a function of volume fraction and seed size of the templates, and (iii) dielectric and piezoelectric properties of the obtained template-matrix composites of textured polycrystals. Findings on the first two aspects are presented here, while an accompanying paper of this work reports findings on the third aspect. In this paper, grain microstructure evolution in the polycrystalline matrix with different template volume fractions and seed sizes is simulated. To quantitatively characterize the crystallographic texture development during templated grain growth processing, a numerical algorithm is developed to compute the diffraction peak intensities and Lotgering factor of the simulated polycrystals during grain microstructure evolution. This novel approach provides a direct link between phase field simulation and diffraction experiment. This computational study clarifies the effects of the template volume fraction and template seed size on the final grain microstructure and texture. It is found that, while the degree of crystallographic texture generally increases with increasing template volume fraction, it is the average distance between template seeds that plays an important role. This finding suggests that reducing the template seed size and shortening the seed distance is an effective way to achieve higher texture at a lower template volume fraction, which is highly desired for enhancing the piezoelectric properties of ferroelectric polycrystals. The computational results are compared with complementary experiments, where good agreement is obtained. Published by AIP Publishing. 1 Due to the high cost of single crystal growth, [001]-textured polycrystalline ceramics of PMN-PT and PZN-PT offer a better cost-performance ratio, potentially achieving piezoelectric properties close to those of single crystals but at much lower cost. [2] [3] [4] Such textured ceramics are even more critical for lead zirconate titanate, Pb(Zr 1-x Ti x )O 3 (PZT), which is currently the most widely used piezoelectric material but is difficult to be grown in single crystal form due to incongruent melting point of ZrO 2 . 5 Texturing also plays an important role in the emerging field of lead-free piezoceramics, which in the random polycrystalline form exhibit quite poor characteristics. [6] [7] [8] [9] [10] Therefore, the development of uniaxial texture in ferroelectric polycrystals through advanced material processing, such as templated grain growth (TGG), 11 is of technological importance for the new generation of piezoelectric ceramics in sensors, actuators, and transducers.
Texture refers to the collective distribution of grain orientations towards preferred orientation in a polycrystal. 12 While the properties of individual grains in polycrystals are generally anisotropic, untextured polycrystalline materials with random grain orientations exhibit isotropic macroscopic properties that are independent of directions. In order to achieve an anisotropic response in polycrystalline materials, crystallographic texturing of grains is required. 12 To achieve a preferred (non-random) distribution of the crystallographic orientations of grains (i.e., texturing), special processing routes are needed. For example, uniaxial (or fiber) texture can be obtained through the TGG process that builds upon the conventional tape casting method.
11 TGG has been shown to provide uniaxial texture in a wide variety of piezoelectric ceramics resulting in enhanced electromechanical properties. [2] [3] [4] [6] [7] [8] [9] [10] In this work, quantitative relationships between processing, microstructure, and properties in textured ferroelectric polycrystals and the underlying governing mechanisms are investigated by computer modeling and simulation. This study focuses on three important aspects of textured ferroelectric a)
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Published by AIP Publishing. 121, 064108-1 ceramics: (i) grain microstructure evolution during TGG processing, (ii) crystallographic texture development as a function of volume fraction and seed size of the templates, and (iii) dielectric and piezoelectric properties of the obtained template-matrix composites of textured polycrystals. To this end, phase field modeling is adopted to simulate the grain microstructure evolution during TGG processing and correlate the dielectric and piezoelectric properties of the polycrystals with their grain microstructure and texture. It is worth noting that, while other computational methods have been used to simulate the TGG process, 13, 14 the phase field model is the method of choice for the research here. As a widely used mesoscale computational method, 15, 16 phase field modeling can simulate grain microstructure evolution during TGG processing, domain evolution in ferroelectric polycrystals, and dielectric and piezoelectric properties as a function of grain microstructure, texture, and domain processes. With the advantage of seamlessly integrating all these required physical behaviors and microstructural features, phase field modeling is ideally suited for a quantitative study of the relationships between grain microstructures, crystallographic textures, template seed distributions, domain processes, and electromechanical properties in textured ferroelectric polycrystals.
In order to quantitatively characterize the crystallographic texture development during TGG processing, a numerical algorithm is developed to compute the diffraction peak intensities and Lotgering factor of the simulated polycrystals during grain microstructure evolution. 17 This new feature of phase field modeling provides a direct and convenient link between phase field simulation and diffraction experiment. While the simulated polycrystalline grain microstructures can be directly correlated with experimental observations by imaging techniques such as scanning electron microscopy (SEM) or optical microscopy, X-ray diffraction is much more convenient in laboratory experiments and is thus usually the preferred choice for material phase and microstructure (grain size and texture) characterization. Due to length consideration, findings on the first two aspects of textured ferroelectric ceramics are presented here, and findings on the third aspect are reported in the accompanying paper of this work. 18 In this paper, grain microstructure evolution and grain texture development during TGG processing of ferroelectric polycrystals are studied, with a purpose to achieve higher uniaxial texture at a lower template volume fraction that is highly desired for enhancing the piezoelectric properties. This computational study aims to clarify the effects of the template volume fraction and template seed size on the final grain microstructure and texture. To complement the computations, experimental measurements are also performed to characterize the grain microstructures and textures at different sintering stages of ferroelectric polycrystalline ceramics, and are compared with the computational results, which show good agreement.
II. COMPUTATIONAL METHODS

A. Phase field modeling of templated grain growth
To simulate the TGG process, we employ the phase field model of grain growth 19 by reformulating a new Landau-type polynomial potential function and taking into account the peculiarities of TGG as compared with conventional grain growth. In the phase field model, the grain microstructure in a polycrystal is described by a set of longrange order parameter field variables, fg a ðrÞg, whose total number is equal to the number of grains in the polycrystal before grain coarsening. The total system free energy is a functional of fg a g
where f ðfg a gÞ is a Landau-type non-equilibrium local bulk free energy density function that describes the thermodynamic state of multiple grains in a polycrystal. In this work, we use the following multi-well polynomial energy function:
whose minima are degenerated at fg a g ¼ f1; 0; :::; 0g corresponding to the energetically equivalent orientations of individual grains, where A is an energy scaling parameter. The gradient terms in Eq. (1) characterize the energy contributions from grain boundaries, where b is the gradient coefficient. The grain growth process is described by the spatial-temporal evolution of fg a ðr; tÞg, which is governed by the time-dependent Ginzburg-Landau equation
where L is a kinetic coefficient, and n a ðr; tÞ is Gaussiandistributed Langevin noise term accounting for the effect of thermal fluctuation. As discussed in our preliminary report, 17 in order to simulate the TGG process using the above-formulated phase field model of grain growth, we need to take into account some special features of TGG associated with the distribution of template seeds as compared with conventional grain growth. 11 Templates are oriented single-crystalline seeds introduced into the green tape to orient matrix grains along the orientation defined by the seeds, thus inducing texture development through grain growth. In order to achieve [001] texture, plate-shaped templates of a large aspect ratio are used, whose plate surfaces are parallel to (001) crystallographic plane with lateral dimensions much greater than the plate thickness and particle sizes of the matrix materials. Such platelet templates are readily oriented during the doctor blade tape casting process with their [001] axes being aligned along the tape normal direction. In order to reorient the neighboring matrix grains, the crystal lattices of the templates and matrix phase must allow them to epitaxially grow onto each other to achieve common orientation. Since the lateral dimensions of plate-like templates are much greater than the more equiaxed matrix grain sizes, individual templates are surrounded by multiple matrix grains, and it is the neighboring matrix grains that nucleate and epitaxially grow onto the templates, while the templates maintain their original orientations. As a result of such a TGG process, matrix grains are reoriented to achieve the templates' wellcontrolled orientation. While templates of the same phase as the matrix grains are an ideal choice, single-crystalline templates of required shapes and sizes are not always available or cannot be economically fabricated. Thus, templates of different materials are usually used, as long as heteroepitaxial growth takes place between the templates and matrix grains, and interdiffusion between the template and matrix phases does not occur or is negligible during sintering in order to maintain the matrix grains' composition and properties. For example, barium titanate BaTiO 3 (BT) can serve as a template to synthesize textured PMN-PT by TGG, as in the complementary experiments of this work. Therefore, the isolated "inert" templates do not take active part in the grain growth process; instead, they induce heterogeneous nucleation and heteroepitaxial growth of neighboring matrix grains onto them.
Taking into account the above discussed TGG features in the phase field model of grain growth, Eq. (3) is solved only for matrix grains to describe their growth and coarsening processes, while the long-range order parameter fields for template seeds are not evolved, which characterize the "inert" template grains during TGG. Since the template grains do not change, their corresponding long-range order parameters are stationary fields; nevertheless, they still participate in the energy formulae in Eqs. (1) and (2) to prevent the neighboring grains from growing into the volumes occupied by the template seeds; however, they only make constant contribution to the system free energy. With this modification, the above formulated phase field model of grain growth is employed to simulate the grain microstructure evolutions in polycrystals during TGG processing, as presented in Section III. It is worth noting that elasticity is not considered in this modeling; therefore, the grain microstructure evolves in the simulation through curvature-driven grain boundary migration to reduce the total grain boundary area and energy. For convenient numerical implementation, the equations are normalized. In particular, the free energy is normalized by using a typical energy density E 0 ¼ A, which gives normalized coefficient
, where l is the computational grid size and s is the discretized time step. In the computer simulations presented in Section III the polycrystals are discretized into 576 Â 576 computational grids under periodic boundary conditions to model bulk ceramic samples. The values of b Ã ¼ 4, L Ã ¼ 0:01, and n Ã a ¼ 0 are used, which produce a typical diffuse interface thickness of $3.5 grids for grain boundaries to avoid numerical pinning due to discrete computational grids and ensure accurate capture of topological changes in the grain microstructures during grain growth that are important in describing the kinetic pathways of grain growth and the resultant polycrystalline microstructure and texture (the noise term does not play a significant role during the curvature-driven grain boundary migration and its effective value n Ã a ¼ n a s averaged over time s diminishes with increasing s, thus has been neglected in the simulation).
B. Calculation of x-ray diffraction peak intensities and Lotgering factor
As a new feature of phase field modeling to provide a direct link between simulations and diffraction experiments, an algorithm is recently developed to compute the X-ray diffraction peak intensities for the simulated evolving grain microstructures, 17 which characterize the grain texture development in polycrystals during the simulated TGG processing. The Lotgering factor 21 is also calculated as a quantitative measure of uniaxial texture development. Since the grain sizes are larger than the coherence length of probing X-ray radiation, coherent scattering and interference effects do not play a role which are significant for nanodomains; 22 thus, the X-ray diffraction theory 23 for coarse-grained crystalline materials is employed. The relative integrated intensities of X-ray diffraction peaks from untextured (randomly oriented) grains of a polycrystal are
where h B is the Bragg angle of peak (hkl), F hkl is the structure factor, and P is multiplicity factor for powder diffraction. The term in the first parenthesis in Eq. (4) is the polarization factor associated with unpolarized incident X-ray beam, and the term in the second parenthesis is the Lorentz factor. 23 It is worth noting that Eq. (4) cannot be directly applied to calculate the peak intensities of the textured grain microstructures. In order to compute the diffraction peak intensities of the simulated grain microstructures as obtained by phase field modeling, the factors in Eq. (4) are rearranged into two groups
where the term in the first parenthesis (also called Lorentzpolarization factor by a different convention 24 ) is treated analytically (including a trigonometric factor sin À1 2h B out of the Lorentz factor, which is associated with the finite peak maximum and width 23 ). The term in the second parenthesis is treated separately through a numerical procedure, 17 which explicitly considers the orientation distributions of individual grains and their volume fractions (in the case of randomly oriented grains this effect is reduced to a geometric factor P cos h B ) as well as the measurement of diffracted beam intensities by a detector with a finite slit opening (for randomly oriented grains this effect is reduced to another geometric factor sin À1 2h B ), as in a real diffractometer setup. In particular, at the Bragg angle h B corresponding to the (hkl) planes, the ath grain is examined to see if it diffracts X-ray beam into the detector; if it does, set n a ¼ 1, otherwise n a ¼ 0; and the contribution from the ath grain to the integrated peak intensity I hkl is proportional to n a V a , where V a is the volume of the ath grain. Upon examining all grains, the relative integrated peak intensity I hkl is evaluated as
where N hkl ¼ P a n a V a , which is proportional to the total volume of the grains whose {hkl} planes are so oriented to diffract X-ray beam into the detector at the Bragg angle h B . By repeating this numerical procedure for other Bragg angles, the relative intensities of other peaks are computed.
Based on the computed relative integrated peak intensities I hkl , the degree of [001] texture can be quantitatively measured by using the Lotgering factor defined as
where
hkl , I hkl and I 0 hkl are the (hkl) peak intensities for the textured and untextured polycrystals, respectively. As seen from its definition, the Lotgering factor measures the volume fraction of the polycrystal grains whose {001} planes are aligned in a common orientation (in TGG, {001} planes are parallel to the tape casting plane) and is detected by the X-ray diffractometer as (00l) peaks.
It is worth noting that the above described numerical procedures for calculation of X-ray diffraction peak intensities and Lotgering factor provide a convenient means to directly correlate computational results with experimental measurements. While the simulated polycrystalline grain structures can be directly compared with the experimental observations by imaging techniques such as SEM and optical microscopy, microscopy experiments normally require more efforts (sample preparation) than X-ray diffraction; thus, diffraction is usually the preferred choice for routine material characterization. With the peak intensities and Lotgering factor calculated for the evolving grain microstructures during simulated TGG processing, the detailed processes of both grain growth and texture development can be quantitatively investigated by computer simulations and directly compared with diffraction experiments. To better illustrate the diffraction calculation and its connection with the phase field simulation, a flowchart (Fig. 13) is presented in the Appendix to visualize the transfer of data between the two computational methods as well as their comparisons with experiments.
III. COMPUTATIONAL RESULTS AND DISCUSSION
Before simulating the TGG process and texture development, we first validate the numerical procedure for X-ray diffraction peak intensity calculation as formulated in Eq. (6). We consider untextured polycrystals of ABO 3 perovskite, which is prototypical of ferroelectric materials, and compare the calculated peak intensities with powder diffraction database. The structure factor of ABO 3 perovskite is 23
where f A , f B , and f O are the respective atomic scattering factors of the A-site atom, B-site atom and oxygen atom. Figure 1 shows the calculated integrated intensities for the first 6 peaks of untextured polycrystals of strontium titanate SrTiO 3 (lattice parameter a ¼ 3.905 Å , Cu Ka wavelength k ¼ 1.541 Å ) and comparison with Powder Diffraction File, namely, PDF#84-0444 (calculated) and PDF#35-0734 (measured). Good agreement is obtained. For comparison with the TGG process, grain microstructure evolution during the grain growth process without template seeds is first simulated, and is presented as a function of reduced simulation time as shown in Fig. 2 . The conventional coarsening process is observed, where bigger grains grow at the expense of smaller grains. Figures 3 and  4 show the simulated grain microstructure evolutions during TGG processing in polycrystals with 0.63% and 2.37% volume fractions of templates, respectively. In particular, with periodic boundary conditions for the simulation box, one and three template seeds are, respectively, used to control the template volume fraction. It is observed that the big grains with the same orientation as that of the templates grow at the expense of other smaller matrix grains via a coarsening process, gradually converting the matrix volume into the well-controlled template orientation thus increasing the degree of texture in the polycrystals. It is also observed that the reoriented big grains grow rapidly to impinge onto each other, while the randomly oriented smaller matrix grains grow much slower as in conventional grain growth shown in Fig. 2 , and are retained in the gaps between oriented big grains. Such observations agree with the complementary experimental observations presented in Fig. 10 , as discussed in Section IV.
It is worth noting that in experiments, due to sharp concentration gradients that drive diffusion at high temperature, there is always some dimension change in the template seeds at the end of the sintering process; such an effect is small thus is neglected in the simulation. It is also worth noting that the heterogeneous epitaxial nucleation process of matrix phase onto the template surface is a phenomenon of a different length scale than the grain boundary migration process during grain growth, which is beyond the scope of the mesoscale phase field model of templated grain growth. In order to simulate a nucleation process, a microscopic phase field model with a very small computational grid size (e.g., l ¼ 0.2 nm) 25 or a phase field crystal model 26 is required to achieve the spatial resolution for adequate description of the nuclei, which, however, cannot simulate the grain growth process in a large polycrystalline sample as considered here. In order to circumvent such a multiscale difficulty in material modeling, the simulation starts from the nucleated grains from the neighboring matrix grains in direct contact with the template seeds, as a result of their heterogeneous nucleation and epitaxial growth on the templates to achieve common orientation, as experimentally observed and shown in Fig.  10 . Therefore, our simulations focus on the grain microstructure evolution and texture development during the grain growth process. As shown in Fig. 12 and discussed in Section IV, computation agrees well with the complementary experiment in the time dependence (i.e., kinetics) of uniaxial texture development during TGG processing, thus validating such a simplifying treatment.
To characterize the texture developments in polycrystals during the grain growth processes shown in Figs. 2-4 Figure 5 shows the evolutions of the calculated X-ray diffraction peak intensities during grain growth processes corresponding to the evolving grain microstructures shown in Figs. 2, 3 , and 4, respectively. Based on the peak intensities, the corresponding values of the Lotgering factor are calculated and plotted in Fig. 6 , which reveal the gradual development of [001] uniaxial texture in the polycrystals during TGG processing. As expected, the conventional grain growth without template seeds does not produce texturing, and the higher the template volume fraction, the faster the texture development, and the higher the degree of final texture. It is worth noting that the simulated evolution of the Lotgering factor during TGG processing not only qualitatively reflects the texture development but also quantitatively agrees with the complementary X-ray diffraction experiment as shown in Fig. 12 , thus validating the computational approaches. It is desirable to achieve higher uniaxial texture with a lower template volume fraction in order to improve piezoelectric properties of ferroelectric polycrystalline ceramics. To explore such a possibility, a series of simulations are systematically carried out with different template volume fractions and template seed sizes. Figure 7 presents the values of Lotgering factor versus template volume fraction in fully sintered polycrystals (at simulation time t* ¼ 500). It is found that the Lotgering factor rapidly increases with increasing template volume fraction and approaches saturation after 1% template (f ! 1 implying perfect uniaxial texture). Furthermore, the simulations also reveal that it is the average distance between template seeds, rather than the template volume fraction, that plays a crucial role in texture development. As seen in Fig. 7 , with the same number of template seeds, the template volume fraction (template seed size) does not significantly affect the Lotgering factor (green symbols and line); in contrast, at the same template volume fraction, the number of template seeds (thus the average distance between seeds) produces a significant effect on the Lotgering factor (blue symbols and line). This behavior can be understood in light of the average seed distance: with more template seeds present (thus higher seed number density), the average distance between seeds decreases, and the reoriented grains need to grow only a shorter distance before impinging onto each other, thus texturing more polycrystal volume in shorter time. Such an effect is more prominent in the intermediate stage of sintering (at simulation time t* ¼ 225), as shown in Fig. 8 . Figure 9 shows the simulated evolutions of the Lotgering factor in polycrystals during TGG processes with the same 2.1% template volume fraction but different template seed numbers (thus different template seed sizes). It is observed that higher seed number density thus a shorter average seed distance leads to faster texture development. This finding has important implication for optimizing TGG processing to achieve better piezoelectric properties in textured ferroelectric ceramics. Since the template phase usually possesses material properties inferior to the matrix phase, a higher volume fraction of templates tends to decrease the properties of the textured ceramics due to the composite effect, canceling the advantage of texturing (the competing effects of grain texture and template volume fraction on the dielectric and piezoelectric properties of textured ferroelectric polycrystals as reported in an accompanying paper of this work 18 ). Therefore, a high degree of texturing Figs. 2, 3, and 4 , respectively, as calculated from the X-ray diffraction peak intensities in Fig. 5.   FIG. 7 . Effects of the template volume fraction and template seed number (seed size) on the Lotgering factor in fully sintered (t* ¼ 500) polycrystals, based on simulated grain structures of templated grain growth. achieved at a low template volume fraction is of practical importance. The above computational studies show that reducing the template size and shortening the seed distance is an effective way to achieve higher texture at a lower template volume fraction, enabling further improvement in electromechanical properties of textured ferroelectric polycrystalline ceramics. It is worth noting that a minimum template seed size relative to the matrix grain size is required for exaggerated grain growth to sustain TGG. 11 In textured reaction-bonded alumina, it has been shown that the minimum size ratio to sustain TGG is $1.5, 27 which is consistent with Hillert's critical size criterion for exaggerated grain growth. 28 
IV. COMPLEMENTARY EXPERIMENTS
To complement and validate the computational studies presented above, experiments have been carried out to characterize the evolutions of grain microstructures and textures at different sintering stages of TGG processing. PMN-32.5%PT ceramics are textured by the TGG technique using 3% volume fraction of BT templates. Since grain growth is sensitive to sintering temperature, in order to enhance the experimental sensitivity to sintering time, a relatively low sintering temperature of 900 C is chosen to increase the microstructure difference at different sintering stages, and fast sintering is employed where the sample is directly inserted and taken out of the sintering temperature to minimize the effects of heating and cooling. The grain microstructures are observed on the fractured crosssections of the ceramic samples at different sintering times by using SEM (FEI Quanta 600 FEG). Figure 10 shows the evolution of grain microstructures during grain growth as a function of sintering time. Figures 10(a)-10(c) show the heterogeneous nucleation and epitaxial growth of the neighboring matrix grains onto the template surfaces, merging to form reoriented big grains of the same orientation of the templates. This is the stage that is not treated in the mesoscale phase field modeling of grain growth. As discussed above, this experimental observation serves as the basis to initiate the computer simulations. Figures 10(d)-10(f) show the subsequent growth of these big grains at the expense of other smaller matrix grains, in agreement with the computer simulations shown in Figs. 3 and 4 . In both simulations and experiments, the reoriented big grains grow rapidly to impinge onto each other, while the randomly oriented smaller matrix grains grow much slower and are retained in the gaps between oriented big grains. It is worth noting that the relative template size with respect to the matrix grain size is greater in the experiments (size ratio >10) than in the computer simulations (size ratio $3). Usually, a larger size difference between the template seeds and matrix grains leads to more TGG. In experiments, a larger size difference is preferred so that TGG is not thermodynamically limited. However, in order to simulate bigger template seeds, a bigger computational box needs to be used, which would drastically increase the requirement for computing resources (memory and time). Thus, a smaller seed-to-grain size ratio $3 is used in the computer simulations, which leads to a more equiaxed shape of heterogeneously nucleated grains with embedded seeds inside. Nevertheless, despite the smaller templates used in the simulations, the computational study captures the essential features of grain microstructure evolution in TGG processing; moreover, as shown in Fig. 12 , the simulated kinetics of texture development agrees well with the experimental X-ray diffraction characterization.
To characterize the texture development in the above samples sintered at 900 C for different times, X-ray diffraction patterns are measured (XRD, PANalytical X'Pert) on the samples corresponding to the grain microstructure evolution sequences shown in Fig. 10 . Figure 11 plots the experimental X-ray diffraction patterns as a function of sintering time. To better reveal the pattern, each curve is normalized with respect to the maximum intensity of its own full intensity profile (such normalization does not affect the calculation of the Lotgering factor). Figure 12 plots the evolution of the Lotgering factor with sintering time as determined from the experimental diffraction patterns in Fig. 11 . To calculate the Lotgering factor by using Eq. (7), the integrated intensities of individual peaks are evaluated based on the area under each peak instead of its height, which also avoids the influence of peak splitting and broadening associated with the pseudocubic perovskite structure.
To quantitatively compare the experimental and computational results of texture development, the simulated evolution of the Lotgering factor is also plotted in Fig. 12 . In particular, the red curve in Fig. 9 is considered, whose template volume fraction and seed number density are comparable to the experimental samples. To compare with the experimental curve, the reduced simulation time t* is rescaled to fit with the experimental time t, t ¼ jt* þ t 0 , where j and t 0 are fitting parameters. The time shifting parameter t 0 accounts for the nucleation process because, as discussed above in Section III, the simulation characterizes the grain microstructure evolution during the grain growth process and the texture development, while the heterogeneous nucleation of matrix phase on the template surface is a phenomenon of a different length scale and thus is not treated in the mesoscale phase field simulation. As seen from Fig. 12 , except for one outlying experimental data point at 10 min sintering time, good agreement between computation and experiment is obtained. Such agreement not only validates the phase field modeling, but also provides a means to calibrate the time scale of the computer simulation for TGG processing. In this work, the computational result obtained at reduced simulation time t* ¼ 500 corresponds to the experimental sample sintered for about 35 min. It is worth discussing other computational methods of TGG processing and comparing with the phase field model employed in this work. The Monte Carlo method has been used to simulate the TGG process during liquid phase sintering, 13 where the cells of a triangular lattice are initially assigned for two kinds of solids (i.e., oriented template and non-oriented matrix, both of which are of the same phase) and one liquid phase, and the effects of template content, size, aspect ratio, and liquid phase content on the grainoriented ceramic microstructure are simulated. Monte Carlo simulation has also been used to model microstructure evolution during TGG in thin film with epitaxial seed grains buried in a polycrystalline matrix, 14 where the voxels of a cubic lattice are assigned specific crystallographic orientations of the same phase, and the effects of seed grain size, seed number density, seed surface coverage, and matrix grain size on the final epitaxial film microstructure are simulated. In these Monte Carlo works, 13, 14 the cell/voxel is of nanometer in size (e.g., 5 nm) so that the energy change of each event is of the same order of thermal energy k B T as required by statistical thermodynamics, which limits the simulated system size below a few micrometers. A simulation model similar to Monte Carlo has been developed using Cellular Automaton to investigate normal grain coarsening, 29 which, in principle, can also be used to simulate the TGG process. A phase field model has been used to simulate grain microstructure development in textured ceramics prepared by reaction TGG, 30 where template grains grow to sweep matrix grains of the same composition; thus, the nucleation process is not involved. Finally, it is worth noting that the phase field model of TGG employed in this work seamlessly integrates with the phase field model of ferroelectric template-matrix composites, 18 which together simulate the grain microstructure evolution and texture development during TGG processing and the domain evolution and dielectric and piezoelectric properties of the resultant ferroelectric polycrystals, enabling a systematic study of processing-microstructure-property relationships.
V. SUMMARY
To find ways and understand the mechanisms to achieve higher uniaxial texture with a lower template volume fraction that is desired to obtain improved piezoelectric properties, computer simulations and complementary experiments are performed to study TGG processing and texture development in ferroelectric polycrystalline ceramics, with good agreements obtained between computations and experiments. The effects of the template volume fraction and template seed size on the final grain structure and texture are investigated. It is found that, while the degree of crystallographic texture generally increases with increasing template volume fraction, it is the average template seed distance that plays a direct role; thus, reducing template size and shortening seed distance provides an effective means to achieve higher texture at a lower template volume fraction, enabling further improvement in piezoelectric properties of textured ferroelectric polycrystals. The good agreements between computations and experiments also validate the phase field modeling and computational diffraction as effective tools to systematically investigate the TGG technique, offering quantitative details that are difficult and/or costly for experimental methods to obtain. As a new feature of phase field modeling, X-ray diffraction peak intensities and Lotgering factor of the simulated polycrystals are computed during grain microstructure evolution, which provides a direct and convenient link to experimental X-ray characterization. The employed phase field modeling has the advantage to seamlessly incorporate the simulated grain microstructures and textures into a phase field model of two-phase (matrix grains and template seeds) ferroelectric composites to further simulate the domain processes and electromechanical properties of such textured ferroelectric polycrystals, which is reported in the accompanying paper of this work. 18 
ACKNOWLEDGMENTS
Financial support from DARPA MATRIX Program is acknowledged. The parallel computer simulations were performed on XSEDE supercomputers. Figure 13 shows a flowchart of data transfer to visualize the connections between the two computational methods, namely, phase field simulation and diffraction calculation, as well as their comparisons with experiments. The temporal evolution of the long-range order parameter fields fg a ðr; tÞg, as solutions of Eq. (3), explicitly describes the grain microstructure evolution, which can be directly compared with microscopy observation. The grain microstructure information fg a ðr; tÞg and grain orientation information fR a g together are used to calculate the diffraction peak intensities and Lotgering factor by employing Eqs. (6) and (7), respectively, at any time t during the simulated templated grain growth process, which can be compared with diffraction measurement.
APPENDIX: LINK BETWEEN PHASE FIELD SIMULATION AND DIFFRACTION CALCULATION
